Introduction
The catalysis by DNA polymerases has been thought for decades to go through a two-metal-ion mechanism [ Fig. 1(a) ], involving Metal A (MeA, catalytic metal) and Metal B (MeB, nucleotide binding metal). Since 2012, a third metal, Metal C (MeC), has been observed for Pol η, 1,2 Pol β, [3] [4] [5] [6] [7] and Pol μ 8 by time-lapse X-ray crystallography. For Pol β and Pol μ, reported by Wilson, Perera and coworkers, the role of MeC has been suggested to be in product stabilization. 3, 4, [8] [9] [10] On the other hand, MeC has been suggested to play a key catalytic role in a new "three-metal-ion mechanism" [ Fig. 1(b) ] based on detailed crystallographic studies as well as kinetics and mutagenesis. 2, 11 The results of Pol β on 8-oxoG lesion by Suo's group also supported the catalytic role of the third metal. 5, 6, 12 Since the two-metal-ion mechanism has been shown to be conserved among DNA polymerases as well as other related enzyme families, it is important to determine which of the two "competing mechanisms" is correct.
In this issue of Protein Science, Wang and Smithline 13 report X-ray crystallographic evidence for twometal-ion catalysis in human Pol η, and conclude that the role of MeC in Pol η is to stabilize the product before its release. 
Clarification of the alternative mechanisms and related issues
First we need to clarify what are being compared. The two-metal-ion mechanism as first proposed by Steitz 15 and the three-metal-ion mechanism as first proposed by Yang 2 both refer to transition state (TS) structures. The TS structures are not directly observable by X-ray crystallography. Over the years, the two-metal-ion mechanism has gained a great deal of support because both MeA and MeB have been observed in the crystal structures of the reaction intermediates of many DNA polymerases. 16 However, reaction intermediates are not transition states, and it has never been shown directly that the TS involves only MeA and MeB. The proposal of the three-metal-ion mechanism by Gao and Yang 2 was based on the observation of an additional divalent ion, MeC, in the structures of reaction intermediates that could be closer to the TS, but still not the TS. At each time point in the timelapse experiment, the observed structure could contain substrates, products, or a mixture of both, but certainly not the TS. However, just as the observation of MeA and MeB led to the proposed two-metal-ion mechanism, observation of the third metal naturally led to the proposal of a three-metal-ion mechanism.
The validity of crystallographic occupancies
The rationale of Wang and Smithline 13 is that if MeC is part of the TS, it should bind the ES complex before the TS is reached and the product formed, leading to higher crystal occupancy of MeC than the product PPi (q MnC ≥ q PPi ). On the other hand, if MeC only binds to the product, then q MnC ≤ q PPi is expected. By re-analyzing the electron densities of the structures of Gao and Yang, 2 Wang and Smithline observed, using q MnA as a reference (1.0), that q MnB values are also ca. 1.0, while q MnC values fall between 0.30 and 0.52, and are smaller than the corresponding q PPi values by 10-30% for all five time points from 90 s to 600 s. Based on these data, they concluded that "MnC binds only to the alreadyformed enzyme-product (EP) complex after the catalysis." There are however two problems in the interpretations of Wang and Smithline. 13 First, whether MeC binds before or after the TS is reached, the difference in timing could be on the order of sub-seconds, which could not be differentiated by the time lapse experiments that spread over many seconds. Second, the authors assumed that, in both scenarios mentioned above, MeC will always stay with the product PPi. This is not necessarily so, as some of the static structures of the product complexes have been shown to retain PPi with a metal at the position corresponding to MeB but not MeC. 17, 18 In fact, their finding of q MnC < q PPi can be alternatively interpreted as supporting evidence for the catalytic role of MeC because a catalytic metal is likely to depart sometime after product formation.
Functional results supporting the three-metal-ion mechanism
While structural studies can lead to proposal of TS structures, verification of the TS structures can only come from functional studies, or structural studies of the complexes with TS analogs. .
In the relevant free Tsai energy diagrams in that work 2 and in subsequent reviews, 11, 16 it was shown that the main role of MeC occurs at the proposed TS. 
Reconciliation
It is important to restate that all studies mentioned agree that MeC exists and that it can stabilize the product PPi. The main point of controversy is whether it is part of the transition state, which is always a difficult question to address. Every method has its limitations in trying to decipher the TS structure, and many functional studies can be interpreted in alternative ways. However, considering that TS is the "transition" between the substrate and the product, it is reasonable that all parties from the substrates and the products convene together. MeA and MeB bind to the substrate and they can participate in the TS (which everyone agrees even though there is still no direct evidence). Likewise, MeC can participate in the TS and then remain with the product for some time before departing. In my view this scenario is preferable to one in which MeC comes from some ill-defined location to bind the product, sometime after the product is formed. In another direction, the three-metal-ion mechanism has also been reported as the mechanism for Bacillus halodurans RNase H1. 22 Certainly, more functional studies are highly warranted to provide further support for the structural interpretations.
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